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VOLTAGE RECOVERY DEVICE FOR USE WITH A UTILITY POWER 

NETWORK 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application is a continuation-in-part of U.S. Application Serial No. 09/449,435, 
which was filed on November 24, 1999, which is a continuation-in-part of U.S. Application 
Serial No. 09/240,751, which was filed on January 29, 1999, the entire contents of which are 
incorporated herein by reference. This application also claims priority under 35 U.S.C. 
§1 19(e)(1) U.S. Application Serial No. 60/1 17,784, filed January 29, 1999. 

INCORPORATION BY REFERENCE 
This application is herein incorporates by reference the following applications: U.S. 
Application Serial No. 09/449,505, entitled "Discharging a Superconducting Magnet", filed 
November 24, 1999; U.S. Application No. 09/449,436, entitled "Method and Apparatus for 
Controlling a Phase Angle", filed November 24, 1999; U.S. Application Serial No. 
09/449,378, entitled "Capacitor Switching", filed November 24, 1999; U.S. Application 
Serial No. 60/167,377, entitled "Voltage Regulation of a Utility Power Network", filed 
November 24, 1999; and U.S. Application Serial No. 09/449,375, entitled "Method and 
Apparatus for Providing Power to a Utility Network, filed November 24, 1999. 

BACKGROUND 

This invention relates to electric power utility networks including generating systems, 
transmission systems, and distribution systems serving loads. The power flowing on these 
networks is primarily in the form of alternating current and as such is familiar to those skilled 
in the art. 

To remain competitive, electrical utility companies continually strive to improve 
system operation and reliability while reducing costs. To meet these challenges, the utility 
companies are developing techniques for increasing the life of installed equipment, as well 
as, diagnosing and monitoring their utility networks. Developing these techniques is 
becoming increasingly important as the size and demands made on the utility power grid 
continue to increase. 



A utility power grid is generally considered to include both transmission line and 
distribution networks for carrying voltages greater than and less than about 25 kV, 
respectively. 

Referring to Fig. 1, a portion of a utility power network is shown to include a 
transmission network 10 having generators 12, substations 14, and switching stations 16, all 
of which are interconnected via transmission lines 18. Transmission lines 18, in general, 
carry voltages in excess of 25 kilovolts (kV). With reference to Fig. 1, the voltage on a 
particular transmission line is approximately proportional to the thickness of the associated 
line in the figure. The actual transmission system voltages are indicated in the accompanying 
key located at the lower right. 

Referring to Fig. 2, an exploded portion 10a of the utility power network of Fig. 1 
includes distribution lines 20 coupled to a transmission line 18 through step-down 
transformers 22. Each distribution line carries power to loads 24 at voltage levels less than 
those levels associated with transmission lines (e.g., 25 kV or less). 

Voltage instability on the utility power grid is a critical problem for the utility 
industry. In particular, when a fault occurs on the transmission grid, momentary voltage 
depressions are experienced, which may result in voltage collapse or voltage instability on 
the grid. 

To better understand the dynamics of a fault on a utility power system, the sequence 
of events on the system due to a 3 -phase fault on the transmission system will now be 
described. For example, referring again to Fig. 1, assume the fault occurs on a portion of the 
transmission network remote from a segment 70. Segment 70 lies between a substation 14a 
and a switching station 16a of transmission network 10. Referring to Fig. 3, the voltage 
profile as a function of time at substation 14a due to the fault is shown. In this particular 
case, the voltage drops from a nominal 1 15 kV to about 90 kV. It is important to appreciate 
that if the fault were to occur more closely to segment 70 or on the segment itself, the drop in 
voltage is generally much more severe, and the voltage on the line can approach zero. 

In general, such a fault appears as an extremely large load materializing instantly on 
the transmission system. In response to the appearance of this very large load, the 
transmission system attempts to deliver a very large current to the load (the fault). Detector 
circuits associated with circuit breakers on the transmission system detect the overcurrent 



situation immediately (i.e., within a few milliseconds.) Activation signals from the detector 
circuits are sent to protective relays, which initiate opening of the circuit. The nature of the 
relays generally requires 3-6 AC line cycles (i.e., up to 100 millisecs) to open. When the 
breakers open, the fault is cleared. However, opening of the breakers triggers a sequence of 
cascading events, which in the extreme can cause voltage on that portion of the transmission 
and distribution system to collapse. Specifically, when the breakers open, the voltage is still 
low (i.e., almost zero) and, because a portion of the transmission system has in effect been 
removed, the impedance of the system dramatically increases causing the appearance of an 
artificially high load. In this state the voltage is depressed and the current serving the load 
sharply increases. The sharp increase in the current generates enormous losses in the 
transmission and distribution systems. In some cases, because the load and impedance is so 
high, the voltage on the grid may not return to normal, causing long-term voltage depression 
and the possible voltage collapse of the entire system. The potential for these voltage 
instability problems is further exacerbated as load requirements on the grid increase. 

Reactive volt-amperes are expressed in VARs; a term coined from the first letters of 
the words "volt amperes reactive." Reactive volt-amperes considered over a period of time 
represent oscillations of energy between the source and the load. Their function is to supply 
the energy for establishing magnetic fields and charging capacitors, and to transfer this 
energy back to the source when the magnetic field collapses or when the capacitor 
discharges. 

Note that the reactive power is due to quadrature components of voltage and current 
and as such represents no average real power. Although reactive volt-amperes, as such, 
require no average energy input to the generators their existence does consume a certain 
amount of generator volt-ampere capacity and thereby limits the available real power output 
of the generators. In addition, there is a resistive or I2R loss associated with the transfer of 
reactive power over the grid. This additional loss must also be made up by the generator and 
further limits the real power available to the grid. Note that although the I 2 R loss is caused 
by the transfer of reactive power, it is not part of the reactive power. 

One approach for addressing the voltage stability problem discussed above is to 
construct additional transmission lines, reducing system impedance and thereby negating the 
effects of the high losses and sharp increase in current flow caused by the opening of the 



breaker. However, providing such additional lines is expensive and in certain settings 
extremely difficult. 

Various equipment and device solutions have also been developed to address these 
voltage instability problems. In general, such devices provide mitigation by injecting real 
and/or reactive power into the system. 

One such device, called the static VAR compensator (SVC), provides reactive power 
from a bank of capacitors when a fault is experienced at a particular load. In particular, the 
SVC rapidly shifts the phase angle of the reactive power from the bank of capacitors, thereby 
raising the voltage on the network. The SVC continuously shifts the phase angle in response 
to dynamic power swings on the transmission network due to changing system conditions. 

Other devices including batteries and superconducting magnetic energy storage 
(SMES) differ from SVCs in that they can provide real as well as reactive power to loads. 
For example, a SMES stores electrical energy provided from the grid in a magnetic field 
generated by a DC current flowing through a coiled superconducting wire. An approach for 
using a SMES is to provide power to the load in response to a detected fault after the load is 
isolated from the grid. Because the SMES, like a battery, is a DC device, a power 
conditioning system is generally required in order to interface it to an AC utility grid. Thus, 
the power conditioning system generally includes DC/ AC converters as well as other filtering 
and control circuitry. 



SUMMARY 

The invention features an approach for stabilizing the voltage on a utility power 
system or network by reducing, during a fault recovery period, the overall real and reactive 
power losses of the utility power system. By "utility power system or network 1 ', it is meant 
those systems or networks having at least one distribution network coupled to a higher 
voltage transmission network designed to carry a nominal voltage under normal operating 
conditions. The distribution network generally includes at least one distribution feed having 
a load and carries voltages at levels lower than those on the transmission network. The 
invention reduces the transmission losses by delivering real and reactive power from a 
voltage recovery device at one or more predetermined locations on the utility power system. 



One general aspect of the invention relates to a voltage recovery device for 
connection to a utility network, which carries a nominal voltage. In this aspect, the voltage 
recovery device includes a distribution network coupled to at least one load and configured to 
transfer reactive power between the utility power network and voltage recovery device at a 
level and for a duration sufficient to recover the voltage on the utility power network to 
within a predetermined proportion of the nominal voltage, in response to a fault condition 
detected on the utility power network. 

Unlike conventional fault recovery approaches, the voltage recovery device focuses 
on maintaining the stability of the voltage on the utility power system, rather than on 
maintaining the voltage on a particular load. For example, stabilizing the voltage on the 
transmission line is accomplished by reducing the overall losses of the utility power system. 
In particular, any abnormally high real and reactive power losses created by the transfer of 
power to the ultimate load causing an abnormally large voltage drop and shift in the phase 
angle are reduced. These abnormally high losses are reduced more efficiently and effectively 
when reactive power is injected or absorbed on the distribution network rather than on the 
transmission network. 

In essence, the invention attempts to reduce losses on the utility power system, which 
are typically two to three times larger than the losses encountered with the transmission 
system intact (i.e., the transmission system without portions removed or decoupled). By 
eliminating these larger losses, the system is less stressed during the period just after a fault 
is detected and the circuit breakers on the transmission network are opened. 

Further, because the voltages on the distribution network are lower than those on the 
transmission network, the design and installation of a voltage recovery device for the 
distribution network is simpler and easier. Reliability of the voltage recovery device is also 
higher. 

Delivering and/or absorbing reactive power from a voltage recovery device on the 
distribution network, rather than on the transmission network, have several advantages. First, 
and most generally, the voltage recovery device is configured to provide the reactive power 
to a portion of the utility power network (i.e., the distribution network) where a greater 
proportion of the total losses occur. Second, in specific cases where the fault occurs on the 
distribution network associated with the voltage recovery device, the voltage recovery device 



addresses the fault with virtually no impact on the transmission network. Thus, the 
transmission network operates with much greater stability. 

Embodiments of the invention may include one or more of the following features. 

The voltage recovery device includes a controller connected to the inverter and 
configured to control the amount reactive power transferred between the energy storage unit 
and a utility power network. The voltage recovery device includes an energy storage 
interface connected to the inverter and an energy storage unit connected to the energy storage 
interface. The energy storage unit can include, for example, a capacitive energy storage 
system. In particular, the capacitive energy storage system is capable of supplying real 
power to a load connected to the distribution line for a finite time duration. In alternative 
embodiments, the energy storage unit is selected from a group consisting of a flywheel 
energy storage device, a battery, a compressed gas energy storage unit, and a fuel cell and its 
associated energy source. One or more of the capacitive energy storage systems can be 
electrically coupled to the distribution network or the transmission network of the utility 
power network. 

The voltage recovery device is configured to recover the voltage on the transmission 
network to a level conforming to nominal utility planning criteria. Typical utility planning 
criteria consider a network to be recovered when the network voltage is in a range between 
0.8 and 0.95 P.U. (Per Unit) of nominal, and preferably between 0.9 and 0.95 P.U. within 0.5 
seconds of clearing the fault. 

The inverter allows bi-directional flow of energy to and from the energy storage unit. 
In certain circumstances, such as when the energy storage unit is incapable of absorbing 
energy (or additional energy), when energy is transferred from the utility power network to 
the inverter, resistors within the inverter may be used to dissipate the transferred energy. 

Another aspect of the invention relates to a method for stabilizing a utility power 
network. The method includes electrically connecting a voltage recovery device to the 
distribution network. Upon detecting a fault condition on the utility power network, the 
voltage recovery device is activated within a predetermined time period following the fault, 
and provides reactive power to the transmission network at a sufficient level to recover the 
voltage on the utility power network to within a predetermined proportion of the nominal 



In one application of this aspect of the invention, the utility power network includes a 
transmission network and a distribution network electrically connected to the transmission 
network. The distribution network has distribution lines coupled to at least one load. The 
method further includes electrically connecting the voltage recovery device to the 
distribution network. 

The method may include one or more of the following additional steps. The method 
may further include electrically coupling an inverter between the energy storage unit and the 
utility power network. The inverter is then controlled to control the level of reactive power 
transferred between the energy storage unit and utility power network. The voltage recovery 
device is configured to provide a combination of real and reactive power. 

In another aspect of the invention, a control system includes a memory including at 
least a portion for storing a computer program for controlling a voltage recovery device 
electrically coupled to a utility power network, a processor to execute the computer-readable 
instructions, and a bus connecting the memory to the processor. The stored program includes 
computer-readable instructions which, in response to an indication of a detected fault, 
provides control signals to the voltage recovery device to control the transfer of reactive 
power to the utility power network at a sufficient level and for a sufficient duration to recover 
the voltage on the transmission network to within a predetermined proportion of the nominal 
voltage. 

In still another aspect of the invention, a utility power network includes a 
transmission network for carrying a nominal voltage within a first predetermined voltage 
range and distribution networks, each electrically connected to the transmission network. 
The distribution network carries voltages within a second predetermined voltage range, lower 
than the first predetermined voltage range, each of the distribution networks coupled to at 
least one load. The utility power network includes voltage recovery devices connected to at 
least one of the distribution networks, each of the voltage recovery devices configured to 
provide reactive power to the at least one of the distribution networks at a level and for a 
duration sufficient to recover the voltage on the transmission network to within a 
predetermined proportion of the nominal voltage, following a fault condition detected on the 
utility power network. In certain embodiments, the voltage recovery devices provide real 
power. 



This aspect of the invention relates to the fact that utility transmission and distribution 
networks typically consist of multiple lines and loads and that any of these lines and loads are 
subject to faults. Therefore, it may be advantageous to install a number of these voltage 
recovery devices on a particular utility network. In this embodiment of the invention, 
individual, self-contained, voltage recovery devices including the inverter and associated 
controls connected to the distribution line as described above, are installed at multiple points 
on the transmission and distribution network. These individual devices each operate as 
described below to mitigate the effects of faults on the transmission and distribution network. 
The number of voltage recovery devices, distributed over the network, provides a 
significantly advantageous effect over the effect provided by a single device of energy and 
power capability equal to the sum of the plurality of devices. This advantageous effect is 
achieved to a great extent by the closer match between the capacity of the individual devices 
and the capacity of the transmission and distribution lines to which they are attached. In 
other words, the capacity or rating of the voltage recovery device is optimally matched to the 
impedance structure of the transmission/distribution network. 

These and other features and advantages of the invention will be apparent from the 
following description of a presently preferred embodiment, and from the claims. 

DESCRIPTION OF DRAWINGS 

Fig. 1 is a diagrammatic representation of a portion of a transmission network. 

Fig. 2 is an enlarged section of the portion of the transmission network of Fig. 1 
including distribution lines. 

Fig. 3 is a graph illustrating the voltage profile of a section of the transmission 
network of Fig. 2 during a fault. 

Fig. 4 is a block diagram representation of a SMES device connected to a distribution 
line of Fig. 2. 

Fig. 4A is a block diagram of the controller of Fig. 4. 

Fig. 5 is a schematic representation of a SMES device connected to a distribution line 
of Fig. 2. 

Fig. 6 is a flow diagram illustrating the general steps for determining optimal 
locations for connecting one or more voltage recovery devices. 
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Fig. 7 is a graph showing voltage recovery characteristics with and without a D- 
SMES voltage recovery device for a section of the transmission network of Fig. 1. 

Fig. 8 is a graphical representation of vectors representing the power transferred 
between the utility power network and a D-SMES voltage recovery device. 
5 Fig. 9 is a schematic representation of a voltage recovery device used in conjunction 

with energy storage unit in the form of a capacitor bank. 

DETAILED DESCRIPTION 
Referring to Fig. 4, a distributed SMES or D-SMES module 30 is shown connected in 
shunt with a distribution line 20 of a distribution network. In general, D-SMES module 30 is 
10 capable of delivering both real and reactive power, separately or in combination, to a 

transmission network. In this embodiment, D-SMES module 30 is sized at 2.8 MVA and is 
^ capable of delivering an average of 2 MWatts for periods as long as 400 milliseconds, 5.6 

£j MVA for a full second, and 2.8 MVAR of reactive power indefinitely, 

j;; Distribution line 20 is shown connected to a transmission line 1 8 of the transmission 

J;i5 network through a first transformer 22a, which steps down the higher voltage (e.g., greater 
& j than 25 KV) carried on transmission line 1 8 to a lower voltage, here 6kV, A second 

2 transformer 22b steps down the 6kV to a voltage suitable for a load 24, here 480 V. 

)5; D-SMES module 30 includes a superconducting magnetic energy storage unit 32 

kj having an energy storage magnetic coil 34 positioned within a containment vessel 36 of a 

r. 3 

^20 cryogenic refrigeration unit. As will be described in greater detail below, voltage recovery 
^ : devices similar to D-SMES module 30 may be provided without a magnetic energy storage 

unit. Energy storage unit 32 also includes a magnet power supply 38. Containment vessel 36 
maintains magnetic coil 34 in liquid helium, and is fabricated of two austenitic stainless steel 
vessels separated by a vacuum insulated space. In the embodiment shown, the cryogenic 
25 refrigerant unit includes one or more Gifford-McMahon type coolers (not shown), operating 
in concert, to maintain operating temperatures within vessel 36 and to re-liquefy any helium 
vapor building up within the vessel. No helium (liquid or gaseous) circulates outside vessel 
36 under normal operating conditions. The external, room temperature, refrigeration system 
gasses are not interchanged with the internal helium supply. The system design permits 
30 continued system operation, with one or both coolers inoperable, for a minimum of 48 hours. 
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Superconducting magnetic coil 34 is fabricated from superconducting cable formed 
from niobium-titanium copper-based matrix wire, cabled into a mechanically stable form, 
and insulated prior to winding. A superconducting magnetic coil well-suited for use with D- 
SMES module 30 is available from American Superconductor Corporation, Westborough, 
5 MA. Energy storage unit 32 also includes a magnet power supply 38 for charging magnetic 
coil 34, a magnet interface 48, an isolation transformer 40, and a breaker or contactor 42. 
Power supply 38 is available from Dynapower Corporation of South Burlington, VT. In this 
embodiment, power supply 38 receives AC power from distribution line 20 through an 
isolation transformer 40 as well as a step-down transformer 50 and delivers DC power to 
10 magnetic energy storage unit 32. The breaker 42 is positioned between isolation transformer 
40 and step-down transformer 50 and allows power supply 38 to be easily inserted and 
removed, thereby facilitating maintenance of the power supply. Superconducting magnetic 
q energy storage unit 32 interfaces with an inverter system 44 through magnet interface 48 and 

™; a pair of steering diodes 49. Steering diodes 49 ensure that power flows only from energy 
=pl5 storage unit 32 to inverter system 44 and not in the opposite direction. 
Z\ Referring to Fig. 5, inverter system 44 converts DC voltage from D-SMES module 30 

^ to AC voltage and, in this embodiment, includes four inverter units 46 (Fig. 5). In general, 

i t 
pi: 

* inverter 44 acts as a source for both real power and reactive power in any combination. The 

J! inverter can source real power only as long as real power is available from energy storage 

W20 unit 32. However, inverter 44 can source reactive power indefinitely assuming the inverter is 
p operating at its nominally rated capacity. More accurately, inverter 44 can receive reactive 

^ power from other sources, including the utility power network itself, and transfer that 

reactive power back to the utility power network at the desired magnitude and phase. Thus, 
inverter 44 can provide or transfer reactive power without power from energy storage unit 
25 32. In transferring reactive power, local energy storage is in the form of DC bulk capacitors 
provided within the inverter. The capacity of local energy storage is typically but not 
necessarily smaller than the capacity of energy storage of the energy storage unit. It is 
important to appreciate, however, that the local energy storage with in the inverter is 
generally required to provide sub-cycle charge/discharge capability. Although, certain 
30 embodiments of the energy storage unit may also provide this capability it is generally not a 
requirement. 
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In essence, inverter 44 represents a four-quadrant device capable of providing as well 
as absorbing power having both a real power component and a reactive power component. 
Referring to Fig. 8 5 a graph 80 having a real power axis 82 and a reactive power axis 84 can 
be used to illustrate a vector representation of the power transferred by the voltage recovery 
device 30. A vector having a magnitude and phase angle can lie in any of the four quadrants 
of graph 80. For example, in response to control signals from a system control unit 60 
(described in greater detail below), inverter 44 can transfer power represented by vectors 85 
or 86 having only a positive real power and a negative reactive power component, 
respectively. On the other hand, power, represented here by a vector 88, may have a real 
power component 88a and a reactive power component 88b. Thus, the magnitude (length of 
the vector) and phase angle (P) of the power can be controlled to define a predetermined 
locus. In certain applications, inverter 44 is operated in pulsed mode to reduce cost. 

Each inverter unit 46 is capable of providing 700 KVA continuously and 1 .4 MVA in 
overload for one second. The outputs of each inverter unit 46 are combined on the medium- 
voltage side of the power transformers to yield the system ratings in accordance with the 



following table. 



Power Flow 


Value 


Duration 


MVA delivered, leading 
or lagging 


2.8 


Continuously 


MVA delivered, leading 
or lagging, overload condition 


5.60 


One second in event of 
transmission or distribution fault 
detection 


Average MW delivered to 
utility (from energy storage unit) 


2.0 


0.4 seconds in event of 
transmission or distribution fault 
detection 



Each inverter unit 46 includes three inverter modules (not shown). Because inverter 

units 46 are modular in form, a degree of versatility is provided to accommodate other 

system ratings with standard, inverter modules. A level of fault tolerance is also possible 

with this modular approach, although system capability may be reduced. Each inverter 
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module is equipped with a local Slave Controller that manages local functions such as device 
protection, current regulation, thermal protection, power balance among modules, and 
diagnostics, among others. Inverter units and modules are mounted in racks with integral 
power distribution and cooling systems. 

Inverter system 44 is coupled to distribution line 20 through step-down transformers 
50 and switchgear units 52. Each power transformer 50 is a 24.9 kV/480 V three-phase oil 
filled pad mount transformer having a nominal impedance of 5.75% on its own base rating. 
The power transformers are generally mounted outdoors adjacent to the system enclosure 
with power cabling protected within an enclosed conduit (not shown). As is shown in Fig. 4, 
a fuse 53 is connected between step-down transformer 50 and distribution line 20. 

Each switchgear unit 52 provides over-current protection between power transformers 
50 and inverter units 46. Each of the four main inverter outputs feeds a circuit breaker rated 
at 480 V, 900 A RMS continuous per phase with 45 kA interruption capacity. Switchgear 
units 52 also serve as the primary disconnect means for safety and maintenance purposes, 
and may include voltage and ground fault monitoring. The switchgear units are generally 
mounted adjacent to the inverter unit enclosures. 

Referring again to Fig. 4, system control unit 60 is a multiprocessor-driven system, 
which utilizes adaptive control algorithms. System control unit 60 operates as a multi-state 
machine for processing inputs from distribution line 20 and inverter units 46 of inverter 
system 44. System control unit 60, as a function of unit inputs and predetermined internal 
control rules, dynamically determines the phase and magnitude of inverter units 46 as well as 
the real power output of D-SMES module 30. System control unit 60, in operation, passes 
real time voltage and current waveform data to the data acquisition system for processing and 
transmission to monitoring sites. System control unit 60 also supports local user interfaces 
and safety interlocks. Control unit 60 necessarily has a response time sufficient to ensure 
that the transfer of power to or from voltage recovery device 30 occurs at a speed to address a 
fault or contingency on the utility system. In general, it is desirable that the fault is detected 
within 1 line cycle (i.e., 1/60 second for 60Hz, 1/50 second for 50Hz). In one embodiment, 
the response time is less than 500 microseconds. 
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As shown in Fig. 4A, system control unit 60 may comprise three controllers 60a, 60b, 
and 60c (e.g., microprocessors) on a single circuit board. In addition, this circuitry includes 
appropriate driver circuits and analog-to-digital ("A/D") converters (not shown). 

Controller 60a executes computer instructions to control circuit and voltage loops in 
inverter system 44. (for use in dynamically varying the magnitude and phase of the power 
from inverter system 44, as described above). Controller 60b functions as the system 
controller, meaning that it executes computer instructions to detect an amount of power on 
the utility power network, and to provide this information to controller 60a. Controller 60c 
records information obtained by controllers 60a and 60b, formats that information, and 
displays it to a user. Although this embodiment shows three controllers, any number of 
controllers (e.g., one controller) can be used to perform the functions attributed to controllers 
60a, 60b and 60c. The computer instructions executed in each controller may be stored in 
one or more memories (not shown) in controller 60 or an internal memory of each controller. 

Referring to Fig. 6, an approach for determining optimum positions for connecting D- 
SMES module 30 to distribution line 20 is described. At the outset, determining an optimum 
location for connecting D-SMES module 30 is highly advantageous to achieving the 
objective of reducing losses in the transmission system. D-SMES module 30 is connected to 
distribution line 20 rather than, for example, the transmission line, because of the distribution 
line's greater contribution of loss to the overall utility power network lines, that is, 
distribution line 20, relative to the transmission system, contributes a much greater 
percentage of the total losses of the overall utility power network. It is also important to 
appreciate that D-SMES module 30 is advantageously portable, thereby facilitating 
optimization of the system. 

The first important step in locating appropriate D-SMES module connection locations 
is to determine critical line segments of the transmission network (step 200). By "critical line 
segment", it is meant those line segments or other transmission system elements, which when 
subjected to a contingency or fault, result in a significant drop in the post contingency 
voltage on the transmission network. For example, a line segment having a fault which 
causes the voltage to drop below 0.9 per unit voltage (i.e., the voltage is less than 90% of the 
nominal voltage on the transmission system) would be considered a critical line segment. 
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In order to determine which of a multitude of line segments is considered to be 
critical, one or more fault scenarios are simulated on all or a portion of the transmission 
network being analyzed. The transmission network is modeled, for example, using the 
PSE/E (Power Systems Simulator for Engineering) dynamic stability simulation model, a 
product of Power Technology, Inc., Schenectady, N.Y. The simulation model may represent 
only a portion of the utility power network, such as that shown in Fig. 1 . On the other hand, 
the simulation model may represent a much larger geographic region, extending across 
several states. 

Referring again to Fig. 1, for example, transmission line segment 70 extending 
between switching station 16a and substation 14a, represents such a critical line segment. 
This approximately 10 mile segment of transmission network 10 is considered to be a critical 
line segment because, if opened, due to a detected fault occurring on the line, all loads on the 
eastern side of the loop (right-hand side of figure) must be served by generators on the 
western side of the loop (left-hand side of figure). 

Assume for example that line segment 70 opens, thereby preventing further current 
flow on that segment. Once this occurs, the transmission network or a particular geographic 
area of the network is evaluated to determine which of the other segments are adversely 
affected by the opening of line segment 70. For example, substation 14b is severely and 
adversely affected by the opening of segment 70. 

Once all critical line segments are identified (step 200), the size and type of loads 
connected to distribution lines associated with the identified critical line segments are then 
analyzed (step 202). In particular, a determination is made to ensure that the load to be 
compensated is at least as large as the real power output of the D-SMES module 30 which, in 
one embodiment, is 3 MW. In this example, only those distribution lines having loads 
greater than 3 MW are considered to be candidates for connecting a D-SMES module. 
Although connecting a D-SMES module to a distribution line having a load smaller than the 
output of the D-SMES module itself may still be beneficial, doing so is not an effective and 
efficient use of the D-SMES module. 

It is also important to appreciate that other factors affect optimum positions of the D- 
SMES locations at any given time. The characteristics of a particular load may change on a 
temporal basis. In particular, the size and type of the load may change significantly 
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depending on the season. For example, in summer, the load may be a heating ventilation air 
conditioning (HVAC) system, a motor-driven type of load. On the other hand, in winter, the 
load can be a resistive heating load. Resistive heating loads are much different than motor 
driven loads in that, when the voltage goes down on a resistive load, the power required by 
5 that resistive load goes down with it. On the other hand, a motor-driven load is generally a 
constant power load and the current goes up to maintain the constant power as the voltage 
decreases. In turn, if the current increases, the losses also increase and the voltage instability 
problem is created. Thus, the "type" of load is always important in determining where the D- 
SMES module should be connected on the network. In such situations, the D-SMES 
10 modules can easily and advantageously be moved to a location which most effectively 
maintains the voltage stability of the transmission system. 

The impedances of all step-down transformers used to couple each identified critical 
^ line segment of the transmission network and distribution line are then measured (step 204). 

*D In general, the impedance is reactive. The step-down transformers are evaluated because of 
Pl5 the significant amount of loss they contribute to the overall loss in a utility power network. 

4" The inductance of these transformers can contribute as much as 40% of the total loss. Those 

S! 

%y transformers having the highest impedances are then selected as candidates for connection to 

ltd i 

I a D-SMES module. If, for example, three D-SMES modules are available for use, the three 

& identified critical line segments will be those meeting the minimum load requirement and 

h.20 having the three highest step-down transformer impedances would be selected for installation 
P; of D-SMES devices (step 206). 

H : The system is then re-evaluated to determine whether the placement of D-SMES 

modules at the selected locations achieves the desired effect (step 208). It may be desirable 
to empirically move one or more of the D-SMES modules to see if the improvement can be 

25 further augmented. The location achieving the optimum result (i.e., lowest transmission loss 
and maximum stability of the transmission system) is then used in actual operation. 

Referring again to Fig. 4, system control unit 60 monitors, via sensing line 61, the 
voltage on distribution line 20. If the voltage drops below a predetermined threshold value 
(e.g., typically below 0.9 P.U. of the nominal voltage), control unit 60 sends a signal to 

30 inverter system 44 to cause magnetic energy storage unit 32 to deliver full power output to 
distribution line 20. In operation, control unit 60 sends the control signal to inverters 44 
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within approximately 500 microseconds of the fault being detected. It is important to note 
that the breakers on the transmission network require approximately 60 milliseconds from 
initiation of the fault to open. Thus, D-SMES module 30 is supplying both real and reactive 
power prior to the breakers opening. 

By full power output, it is meant all of the real power that D-SMES module 30 can 
produce supplemented by reactive power from inverter unit 44. In this embodiment, D- 
SMES module 30 is configured to provide an average 2 M Watts of real power as well as 
between 2 and 5.6 MVARs of reactive power. Within one millisecond of the fault being 
detected, D-SMES module 30 is capable of delivering sufficient real power to quickly (e.g. 
typically within 0.5 seconds) bring the voltage on the line to within acceptable levels. At this 
point, any loads on the distribution line become operational, thereby producing reactive 
power loss on the line. Control unit 60 then terminates delivery of real power and increases, 
if necessary, generation of reactive power from D-SMES module 30 to counteract the 
reactive imbalance and can do so indefinitely. Thus, within 0.5 seconds of a fault being 
detected and cleared, magnetic energy storage unit 32 is capable of restoring the system to a 
minimum acceptable level (typically 0.9 P.U. — a well accepted industry standard) of the 
nominal voltage through the delivery of both real and reactive power. And, within 5 seconds 
of the detected fault to a level that is acceptable (typically 0.95 P.U.) for normal long-term 
continuous operation of the system through the generation of reactive power. 

Referring to Fig. 7, for example, it can be seen that system voltage returns to 
approximately 0.7 P.U. within about 0.1 seconds following the clearing of the fault. At this 
point, the system voltage is the same with or without a D-SMES device installed. The solid 
line on Fig. 7 shows that without a D-SMES device, voltage does not recover and in fact will 
decrease with time following clearing of the fault. However, with a D-SMES device 
installed, the voltage quickly recovers to 0.90 P.U. within 0.5 seconds and to 0.95 P.U. 
within another 0.1 seconds. The dashed line on Fig. 7 indicates the voltage recovery with a 
D-SMES unit installed. In situations like this, the installation of a D-SMES system will 
determine whether the system goes into voltage collapse or recovers within a specified time 
period. 

Other embodiments are within the scope of the claims. For example, in the 
embodiment described above in conjunction with Figs. 4-7, a D-SMES unit was used to 
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provide the real and reactive power needed to recover the voltage on the transmission 
network. However, it is important to appreciate that other voltage recovery devices capable 
of providing either real or reactive power, or both, including flywheels, batteries, capacitive 
energy storage system bank, compressed gas energy sources, and fuel cell systems (e.g., 
those that convert carbon based fuels into electricity and its associated energy source) are 
also within the scope of the invention. 

As stated above inverter 44 can provide reactive power without power from energy 
storage unit 32. And in certain applications, the ability to provide real power may not be 
paramount. For example, the need to provide real power may be so infrequent that the 
savings in cost and space considerations may justify limiting the voltage recovery device in 
solely providing reactive power. In these applications, D-SMES module 30 can be easily 
modified to provide reactive power by simply removing energy storage unit 32 (enclosed in 
dashed lines). A smaller, less expensive module having only inverter 44 is controlled by 
system control unit 60 to both absorb and supply reactive power and can do so indefinitely. 
Local energy storage is provided in the form of bulk capacitors within the inverter. 
Particularly, where the energy storage unit 32 includes a superconducting magnet, 
eliminating the real power source can provide significant savings in cost and increased 
reliability because associated cryogenic cooling and associated electronics (e.g., magnet 
protection systems) are no longer necessary 

It is worth reemphasizing the many advantages of delivering reactive power on the 
distribution network rather than on the transmission network. Because the voltages on the 
distribution network are lower than those on the transmission network, the design of a 
voltage recovery device for the distribution network requires smaller, less costly, and more 
commercially available parts. Reliability of the voltage recovery device is also higher. 
Installing such a voltage recovery device on a distribution network is much easier and safer. 

Connecting the voltage recovery device to the distribution network also allows the 
reactive power to be delivered/absorbed at a portion of the utility power network (i.e., the 
distribution network) where a greater proportion of the total losses occur. Because the 
voltage recovery devices are smaller and more reliable, they can be more easily transported 
to areas where voltage instabilities are frequent. 
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Referring to Fig. 9, distribution networks 100a ? 100b ? 100c are shown connected to a 
higher voltage transmission network 102 through respective step down transformers 103a, 
103b, 103c. Distribution networks 100a, 100b, 100c provide power to respective one of 
loads 105a, 105b, 105c (it should be understood that multiple loads are fed from each 
distribution network). Voltage recovery device 104a is connected to distribution network 
100a, while voltage recovery devices 104b, 104c are connected to distribution network 100b. 
Each of voltage recovery devices 104a, 104b, 104c can be of the type that provide real 
power, reactive power, or both depending on a number of factors including the characteristics 
of the load and the geographical proximity of the distribution network to the transmission 
network. For example, while distribution network 100a only requires a single voltage 
recovery device 104a, distribution network 100b requires a pair of voltage recovery devices 
104b, 104c and distribution network 100c does not require a voltage recovery device. 
However, as stated above, changing conditions on transmission network 102 or on the 
individual loads may make it desirable to move one or more of voltage recovery devices 
104a, 104b, 104c. 

Still other embodiments are within the scope of the claims. 

What is claimed is: 
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